Abstract-A somatostatin deficit occurs in the cerebral cortex of Alzheimer's disease patients without a major loss in somatostatin-containing neurons. This deficit could be related to a reduction in the rate of proteolytic processing of peptide precursors. Since the two proprotein convertases (PC)1 and PC2 are responsible for the processing of neuropeptide precursors directed to the regulated secretory pathway, we examined whether they are involved first in the proteolytic processing of prosomatostatin in mouse and human brain and secondly in somatostatin defect associated with Alzheimer's disease. By size exclusion chromatography, the cleavage of prosomatostatin to somatostatin-14 is almost totally abolished in the cortex of PC2 null mice, while the proportions of prosomatostatin and somatostatin-28 are increased. By immunohistochemistry, PC1 and PC2 were localized in many neuronal elements in human frontal and temporal cortex. The convertases levels were quantified by Western blot, as well as the protein 7B2 which is required for the production of active PC2. No significant change in PC1 levels was observed in Alzheimer's disease. In contrast, a marked decrease in the ratio of the PC2 precursor to the total enzymatic pool was observed in the frontal cortex of Alzheimer patients. This decrease coincides with an increase in the binding protein 7B2. However, the content and enzymatic activity of the PC2 mature form were similar in Alzheimer patients and controls. Therefore, the cortical somatostatin defect is not due to convertase alteration occuring during Alzheimer's disease. Further studies will be needed to assess the mechanisms involved in somatostatin deficiency in Alzheimer's disease.
Alzheimer's disease (AD) is an age-associated neurodegenerative illness characterized by a progressive decline of cognitive and behavioral processes. The characteristic dementia of Alzheimer-type is most likely due to pathologic changes that involve neocortical areas (Cummings, 1987; Cummings et al., 1987) . In addition to the cholinergic and other classical neurotransmitter systems, various neuropeptides that occur in cortical and subcortical brain regions play a role as modulators of cognitive and behavioral processes (Bennett et al., 1997) . Therefore, numerous studies aimed to determine whether neuropeptidergic systems were affected in AD. The most significant changes are those reported for somatostatin (SRIF). Selective decreases of SRIF have been described in AD cerebral cortex (Perry et al., 1981; Reinikainen et al., 1987; Beal, 1990; Bissette and Myers, 1992; Rubinow et al., 1992; Sadow and Rubin, 1992; Ang and Shul, 1995) . Furthermore, the cortical SRIF deficiency correlated with the dementia score in frontal cortex (Dournaud et al., 1995) and with some indices of severity of the illness (Leake et al., 1991) .
Neuropeptides are synthesized as large inactive polypeptide precursors which undergo endoproteolytic cleavage at specific basic residue sites to produce biologically active peptides. In mammalian species, this conversion is often mediated by a family of serine proteinases related to the subtilisin/kexin-type, and known as proprotein convertases (PCs) (Seidah and Chretien, 1999) . Analysis of the tissue expression and cellular localization of the PCs has revealed that, among the seven known mammalian PCs, only PC1 and PC2 expression is restricted to endocrine cells and neurons. In a previous study, we reported the regional and cellular localization of PC1 and PC2 in rat brain by immunohistochemistry, demonstrating that both convertases are well poised to process protein precursors into biologically active end-products within the mammalian brain (Winsky-Sommerer et al., 2000) . In vitro co-expression studies and results obtained on pancreatic *Corresponding author. Tel: ϩ33-1-4078-9282; fax: ϩ33-1-4580-7293. E-mail address: epelbaum@broca.inserm.fr (J. Epelbaum).
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tissue from PC2 null (PC2 Ϫ/Ϫ ) mice indicated that PC1 and PC2 are involved in the production of the different bioactive peptides derived from proSRIF (Galanopoulou et al., 1993; Perone et al., 1996; Furuta et al., 1997) . Mammalian proS-RIF harbors two basic sites (R 88 and R 101 ϪK 102 ). Endoproteolytic cleavage at these mono-and dibasic sites produces the two bioactive forms SRIF28 and SRIF14, respectively.
PC1 and PC2 are initially synthesized as proenzymes which undergo activation by cleavage of their respective proregions (for review, see Muller and Lindberg, 1999) . In endocrine cell lines, proPC1 autocatalytically cleaves its prosegment within the rough endoplasmic reticulum (RER). In contrast, proPC2 requires for its activation a specific binding protein known as 7B2 (Zhu and Lindberg, 1995) for the synthesis of an activatable precursor. 7B2 is a small acidic protein with a strictly neuroendocrine distribution (Marcinkiewicz et al., 1986) . In cell studies, it has been shown that after biosynthesis, uncleaved 7B2 (27 kDa) and proPC2 (75 kDa) are associated within the RER. This complex reaches the trans-Golgi network (TGN), where 7B2 is internally cleaved into a 21 kDa fragment and a carboxy-terminal peptide (CT peptide Paquet et al., 1994) . PC2 propeptide removal does not appear to require 7B2 association. However, if proPC2 has not encountered 7B2, catalytically active PC2 cannot be generated (Zhu, and Lindberg, 1995; Muller et al., 1997) . Moreover, uncleaved 7B2 as well as the CT peptide have been demonstrated to act as nanomolar inhibitors of PC2 (Martens et al., 1994; Lindberg et al., 1995) .
In the present study, we first analyzed by chromatography prosomatostatin processing in the cortex of PC2 null (PC2 Ϫ/Ϫ ) mice compared to wild-type control mice (WT). Then, PC1 and PC2 expressing cells and fibers were localized in the human frontal and temporal cortex by immunohistochemistry. To determine whether PC1, PC2 and its binding protein 7B2 may be altered in AD, convertase amounts and molecular weight species, as well as PC2 activity, were compared in three distinct groups of patients displaying a progressive severity of cognitive and behavioral impairments and in aged control subjects.
EXPERIMENTAL PROCEDURES

Patients' characteristics, animal tissues and sample preparations
Postmortem tissues. Twenty-four patients were examined in the present study (seven men and 17 women), among them seven controls, six patients with mild cognitive impairments or very mild dementia and 11 demented patients. Average age was 89Ϯ7 years (range, 78 -106 years). Table 1 gives a synopsis of clinical, neuropathological and biochemical data of the cases. The cohort was from one geriatric department and all patients died at the hospital (Emile Roux Hospital, Limeil Bré vannes, France). They were examined by a neurologist and underwent a neuropsychological assessment every 6 months and each subject included in this study was assessed in the 6 months prior to death. Cognitive status was evaluated using the Mini-Mental State Examination of Folstein (Folstein et al., 1975) and the Clinical Dementia Rating score (Hughes et al., 1982) . For the demented patients, the National Institute of Neurological Disorders and Stroke-Alzheimer's disease and Related Disorders Association criteria (McKhann et al., 1984) and the modified Hachinski score (Moroney et al., 1997) were evaluated to specify the etiology as probable AD or mixed dementia, respectively. Moreover, laboratory investigation, including computed tomography scan, electroencephalogram, and a panel of biological tests (syphilis, human immunodeficiency virus, vitamin B 12 and folate levels, calcemia and thyroid function tests), was achevied for each patient in order to screen treatable causes of dementia. The onset of the disease was also recorded. The clinical diagnosis of probable AD suspected was histopathologically confirmed after autopsy by the detection of neurofibrillary tangles and neuritic plaques in cortical and subcortical areas. Patients suffering from other neurodegenerative disease (i.e. dementia with Lewy bodies, other parkinsonian syndromes or frontotemporal dementia) were excluded from this study. Patients were classified in four groups: AD (nϭ7), mixed dementia (AD with a strong vascular involvement revealed after paraclinical investigations, MD; nϭ4), borderline (patients with very mild dementia or mild cognitive impairment; B; nϭ6) and controls (C; nϭ7).
For each patient, the apolipoprotein E genotyping was recorded. Neurofibrillary tangles and phosphorylated tau proteins were semi-quantified as previously reported (Delacourte et al., 1999) . Progression of neurofibrillary degeneration was categorized into 10 stages according to the brain regions affected (Delacourte et al., 1999) . Amyloid plaques and ␤-amyloid peptides were also detected (Delacourte et al., 1999) .
Brains were obtained at autopsy. Frontal cortex (Brodmann area A9) dissections were carried out by the same investigators, guided by the atlas Human Central Nervous System (Nieuwenhuys et al., 1988) .
For chromatography and RIA analysis, brain tissues from three WT and three PC2 Ϫ/Ϫ mice (Furuta et al., 1997) were dissected and frontal cortex samples were extracted in 2 N acetic acid supplemented with a Complete protease inhibitor cocktail tablet (Roche Diagnostics, Mannheim, Germany) and frozen at Ϫ80°C for 48 h. Samples were then centrifuged and supernatants lyophilized.
For Western blot analysis, Brodmann area 9 samples (nϭ24; 45-230 mg) were homogenized with three volumes (vol/wt) of extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS] ) freshly supplemented with a Complete protease inhibitor cocktail tablet (Roche Diagnostics). The extracts were then centrifuged at 14,000ϫg for 30 min at 4°C. The supernatants were used as the soluble fraction and protein concentrations were determined by BCA Protein Assay kit (Pierce, Rockford, USA) according to the manufacturer's instructions. Frontal cortex from an adult male Sprague-Dawley rat killed by decapitation was also extracted in order to be used as internal standard in the Western blot experiments. All human and rat samples were processed at the same time. All animal procedures complied with French laws regarding animal experimentation (Decree No. 87-848, October 19, 1987 and the Ministerial Decree of April 19, 1988) . The number of animals used was minimized as well as their suffering.
For the PC2 enzyme assay, Brodmann area 9 samples (nϭ 24; 82-317 mg) were homogenized on ice in 0.1 M sodium acetate buffer (pH 5.0), containing 1% Triton X-100, 1 M pepstatin, 1 M transepoxysuccinic acid (E64) and 1 mM phenylmethylsulfonylfluoride. The homogenates were then centrifuged at 13,000ϫg for 10 min at 4°C and the supernatants collected for use as the enzyme source (see below).
Biopsy tissues. For immunohistochemistry, samples of cerebral cortex were obtained during epilepsy surgery for drugresistant partial chronic seizures from three patients (two men, 29 and 31 years old, and one woman, 29 years old). None of the patient had experienced seizure just before anesthesia. The limits of the epileptogenic area were identified by stereotaxic electroencephalography recordings (Bancaud et al., 1975) . The region of brain resection included the area of seizure onset and the immediate surrounding regions where ictal discharges secondarily propagated. Cortical blocks were selected in the propagation areas: two samples were located in the second temporal gyrus, and one sample in the middle frontal gyrus.
The tissues were fixed immediately after surgical removal with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 for 8 h at 4°C. They were sequentially rinsed and cryoprotected in a series of sucrose solutions (10 to 20%) for 48 h at 4°C, frozen in liquid isopentane at Ϫ45°C, and then stored at Ϫ80°C until immunohistochemical experiments.
HPLC chromatography analysis
Each extracted sample was analyzed using a HPLC system (Spectra-Physics, SP8000) connected to a Superdex Peptide column (HR10/30; Pharmacia Biotech). Exclusion chromatography was performed in water containing 0.1% trifluoroacetic acid and 0.01% Triton X-100 at a flow rate of 0.75 ml/min. Fractions of 0.75 ml were collected and tested after lyophilization for their somatostatin content.
Radioimmunossay procedure
On the day of the assay, fraction samples were resuspended in RIA buffer. Tyr0-SRIF14 (Peninsula, Mercyside, UK) was iodinated and purified as previously described (Rorstad, et al., 1979) . Fraction samples or SRIF standards were incubated with the antibody, used at a 1/60,000 final dilution, for 24 h at 4°C. [ 125 I]Tyr0-SRIF14 (20,000 count/min) was added for a further 24 h period. Separation of complex from free ligand was obtained by centrifugation, using a horse anti-rabbit gamma globulins (1/750 final dilution; Biosys, Compiè gne, France). The specificity of the antiserum for SRIF against various peptides and neurotransmitters has been evaluated previously. Moreover, this SRIF antibody crossreacts with SRIF14, SRIF28 and proSRIF but not with cortistatin (Grouselle et al., 1998) .
Antibodies used for immunohistochemistry and Western blot analysis
Polyclonal antibodies directed against the mouse PC1 C-terminal amino acid sequence (629 -726) and the C-terminal segment of the mouse PC2 (amino acids 529 -537) were used for immunohistochemical and Western blot experiments (Benjannet et al., 1992) . The polyclonal antiserum against 7B2 was raised against the sequence 23-39 of human 7B2 (Zhu and Lindberg, 1995) . An affinity-isolated antigen-specific antibody directed against the actin protein (Sigma-Aldrich, Inc., St. Louis, MO, USA) was used as a reference protein for semi-quantification of the Western blots.
Immunohistochemical procedure
Cryostat sections of 12 m thickness were mounted on superfrost slides. Sections of 40 m were also cut and collected in cold 0.1 M phosphate-buffered saline (PBS), pH 7.4. Slides and free-floating sections were both rinsed in PBS for 30 min, and treated either 10 min in 0.5% hydrogen peroxide diluted in PBS for the slides, or 20 min in 1.5% hydrogen peroxide for the free-floating sections. After several washes in PBS, they were sequentially preincubated in a blocking solution, containing 0.02 M PBS, 0.2% gelatin, 10% normal goat serum, 0.25% Triton X-100, for 30 min at 4°C, and then incubated overnight at 4°C in the PC1 or PC2 primary antisera diluted either 1:5000 or 1:8000 in blocking solution. Sections were then rinsed in 0.02 M PBS, 0.2% gelatin, 0.25% Triton X-100 and incubated for 30 min at room temperature (RT) in biotinylated goat anti-rabbit antibody (BioGenex, San Ramon, CA, USA) diluted 1:100 in blocking solution. Subsequently, they were washed for 30 min, and incubated in streptavidin-horseradish peroxidase diluted 1:100 in blocking solution for 30 min at RT. Sections were finally immunostained with the fluorescein-Tyramide Signal Amplification system (NEN Life Science Products, Boston, MA, USA), and washed three times 10 min in 0.1 M PBS. Free floating sections were mounted on superfrost slides. All slides were air-dried and coverslipped with buffered glycerol.
Immunohistochemical controls included omission of the primary antibodies or the intermediate reagents from the immunohistochemical procedure. The specificity of PC1 and PC2 primary antisera in immunohistochemical procedures has been previously reported (Winsky-Sommerer et al., 2000) . Moreover, in order to control the reproducibility of staining, the immunohistochemical experiment was repeated four times. Similar results were obtained with sections of 12 m and 40 m thickness. Finally, adjacent sections were stained with Cresyl Violet to evaluate the cytoarchitecture of the samples. No histopathological abnormality was observed.
Western blot analysis
Each blot included a standard set of sample dilutions to ensure linearity of antibody binding and detection. A range of 1 to 20 g and 10 to 40 g of the soluble fraction was used for the rat cortex and each human sample, respectively. These aliquots were mixed with sample buffer (0.0625 M Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol, 0.001% Bromophenol Blue) and boiled for 5 min. SDS-polyacrylamide gel electrophoresis (PAGE) was performed either on 8% (for PC1 and PC2 immunodetection) or 12% (for 7B2 immunodetection) polyacrylamide gels (Laemmli, 1970) . Proteins were electrotransferred to Polyscreen membranes (NEN Life Sciences Products) at 125 mA for 1 h at 4°C. The blots were blocked in 5% non fat-dry milk/TBS-T (Tris 50 mM, NaCl 150 mM, pH 7.5 containing 0.1% Tween-20) for 1 h at RT. Membranes were then incubated with primary antisera: PC1, PC2 and 7B2 antibodies were respectively diluted 1:2500, 1:3000 and 1:2500 in 0.5% non fat-dry milk/TBS-T containing the actin antibody diluted 1:1500. Incubation was performed overnight at 4°C, followed by three washing steps in TBS-T. Membranes were then incubated 30 min at RT with peroxidase-conjugated, affinity-isolated, swine anti-rabbit immunoglobulins (Dako, Glostrup, Denmark) diluted 1:5000 in blocking solution, and washed three times 15 min in TBS-T. Blots were finally developed using enhanced chemiluminescence (Renaissance; NEN Life Science Products) according to the manufacturer's instructions.
The specificity of the PC1 and PC2 antisera has been previously reported in Western blot procedures (Benjannet et al., 1993; Marcinkiewicz et al., 1993; Winsky-Sommerer et al., 2000) . For 7B2, the specificity of staining was confirmed by immunoabsorbing the primary antibody with 5 M of synthetic 7B2 peptide (fragment 23-39) (Peninsula) on rat and human soluble fractions (one control and one AD patient).
Semi-quantification of the immunoblots was performed using a computer-assisted scanning system and the NIH Image 1.62 software (densitometric analysis of 1-D gels program; NIH Image Web site http://rsb.info.nih.gov/nih-image/). Adjustment for densitometric values from one blot to another was made by correcting all values to the rat cortex internal standard. Protein levels in each sample were obtained by calculating the mean of densitometric values obtained for two loaded quantities. PC1, PC2 and 7B2 protein levels were then normalized to the internal 40 kDa actin protein band detected simultaneously in each sample. The data obtained were expressed as arbitrary units. The densitometric values of the bands were found to be linearly correlated to the protein amounts in the range used for the experiments (linear regression coefficients were for rat cortex r 2 ϭ0.997 and r 2 ϭ0.944 respectively on PCs and 7B2 blots, and 0.902Ͻr 2 Ͻ0.989 for human samples).
PC2 enzyme assay
The assay was performed in 50 l final volume containing 100 g of proteins in 100 mM sodium acetate pH 5.0, containing 5 mM calcium chloride, 0.2% octyl glucoside and 0.5% Triton X-100. A proteinase inhibitor cocktail composed of 1 M pepstatin, 1 M E-64, 0.28 mM n-tosyl-L-lysine chloromethyl ketone and 0.14 mM L-l-tosylamide 2-phenylethyl chloromethyl ketone was added to the mixture. The incubations were performed at 37°C in the presence of Arg-Thr-Lys-Arg-methylcoumarinamide as a substrate at a final concentration of 200 M. The liberation of the fluorescent product aminomethylcoumarinamide (AMC) was monitored with a 96-well fluorometer (excitation 380 nm, emission 460 nm; Lab Systems, Austin, USA), and the amount of released AMC was calculated by reference to a free AMC standard curve. PC2 activity was measured in triplicate. Results are the mean of the three determinationsϮS.E.M. and are reported in pmol released AMC/100 g protein.
Statistical analysis
Data were statistically analyzed by analysis of variance and linear regressions were performed (two-tailed P value and Pearson's correlation coefficient r) using the program Statview (Statview software, Abacus Concepts, Berkeley, USA).
RESULTS
Prosomatostatin processing in PC2
؊/؊ mice We first studied whether prosomatostatin processing was affected by the lack of PC2 gene product in mice. Analysis by radioimmunoassay for somatostatin components in cortical extracts after size fractionation by HPLC chromatography showed that for WT mice the major prosomatostatinderived peptide was SRIF14 (Fig. 1A) . ProSRIF and SRIF28 were also detected in these cortical extracts. A fourth minor peak corresponding to a non-characterized somatostatin-related form (x) was also observed. In PC2 Ϫ/Ϫ extracts the same four somatostatin-related forms were detected compared to the corresponding controls. However, SRIF14 was nearly completely absent in the cortex of PC2 Ϫ/Ϫ mice (Fig. 1A ). As shown in Fig. 1B , the total somatostatin-like immunoreactivity was similar in knockout mice and their corresponding WT controls. The concentrations of proSRIF and SRIF28 were significantly increased in PC2 Ϫ/Ϫ extracts (PϽ0.05), while SRIF14 contents were significantly decreased (PϽ0.001). The levels of the non-characterized x peptide were similar in WT and knockout mice. Hence, SRIF14 represented less than 5% of the total somatostatin-like immunoreactivity contained in cortical tissue in the absence of PC2, while it represented 45% in WT mice (Fig.  1C) . In contrast, SRIF28 is the major end-product of prosomatotatin processing in PC2 Ϫ/Ϫ cortical extracts (Fig.  1C) .
These results indicate that in vivo cleavage at the dibasic site R 101 ϪK 102 to yield SRIF14 requires PC2, whereas cleavage at the monobasic residue R 88 occurs normally in PC2 Ϫ/Ϫ mice, probably catalyzed by another convertase.
Distribution of PC1 and PC2 immunoreactivity in human cerebral cortex
Immunoreactivity for PC1 (Fig. 2a-c) and PC2 ( Fig.  2d-f ) was detected in the human frontal and temporal cortex. Specific labeling was seen both in the soma and processes of immunopositive neurons (Fig. 2a-c and  2d-f) . Numerous PC1-and PC2-immunoreactive (IR) soma, mainly found in the deep layers V and VI (illustrated for PC2; Fig. 2d ), displayed similar patterns of distribution in the temporal and frontal cortex. Fewer IR cells were found in layers II and III (illustrated for PC1; Fig. 2a) . Throughout the neuropil, PC1-IR elements appeared as small dots or fibers with large strongly immunopositive varicosities (Fig. 2 inset in b) . They were widely distributed in all cortical layers and likely corresponded to axon fibers. At higher magnification, PC1 (Fig. 2c) and PC2 (Fig. 2f) immunoreactivities tended to form blob-shaped structures concentrated in the cytoplasm of neurons.
Semi-quantification of PC1 and PC2 levels in the human frontal cortex
As shown in Fig. 3a , the PC1 antibody detected a single molecular form of approximately 87 kDa in human samples as well as in the rat frontal cortex. This product is likely to correspond to the N-terminally truncated mature form of PC1 (Vindrola and Lindberg, 1992; Lindberg, 1994) . As assessed by semi-quantitative analysis, no statistically significant change in PC1 levels was observed between C, B and demented patients although the latter groups, i.e. MD and AD patients, tended to show a decrease as compared to C (Fig. 3b) .
In the same soluble fractions, PC2 was found as a minor form of 75 kDa and a major form of 68 kDa (Fig. 4a) . The size of 75 kDa form is consistent with that of the proenzyme (proPC2), and the size of 68 kDa form with that of mature PC2 (Benjannet et al., 1993; Shennan et al., 1994) . The apparent molecular mass of the proPC2 form differed somewhat in human (71 kDa) compared to the rat (75 kDa) soluble fraction. As shown in Fig. 4b , levels of the mature PC2 were similar in the four groups of patients. In contrast, there was a marked decrease in the levels of the proenzyme in MD as well as in AD patients as compared to C (Fig. 4c) and the ratio proPC2/(PC2ϩproPC2) was significantly reduced in AD patients (PϽ0.05; Fig. 4d ). No significant change was observed for the B group. Furthermore, levels of proPC2 correlated with those of the mature enzyme (rϭ0.43; Pϭ0.035).
Levels of 7B2 in human frontal cortex
A Western blot obtained with the anti N-terminal 7B2 antibody is shown in Fig. 5a . In rat frontal cortex, a single weak band of around 27 kDa was observed and is likely to correspond to the precursor protein (Ayoubi et al., 1990; Paquet et al., 1991) . Three main immunoreactive bands were detected in human samples with a respective apparent size of 35, 31 and 30 kDa. These three forms are present in nearly equivalent amounts and may represent various forms of the 7B2 precursor (pro7B2). In addition, a minor form of 21 kDa showed a weak immunoreactivity. This 21 kDa species may correspond to the product of the proteolytic maturation of pro7B2 (Martens, 1988) . To control the specificity of the four bands detected in our study, negative controls were done by preadsportion of 7B2 antibody with the synthetic peptide. Specificity was demonstrated by a significant diminution of the immunoreactive signal for the presumptive precursor forms (Ϫ75%) and the total abolition of the 21 kDa signal (data not shown).
As shown in Fig. 5b , C and B patients displayed similar contents of the 35 kDa precursor of 7B2. There was, on the other hand, an increase in MD and AD patients compared to C and this increase was significant for the AD group (PϽ0.05). The levels of the 31 kDa and the 30 kDa pro7B2 forms were similar to those found for the 35 kDa species in the different patient groups (data not shown). Moreover, a significant correlation was found between the levels of these three presumptive precursor forms of 7B2 (rϭ0.759; PϽ0.0001 and rϭ0.766; PϽ.0001, respectively for the 31 kDa and the 30 kDa forms). No modification in the quantities of the cleaved 21 kDa 7B2 form was detected between the different groups (Fig. 5c) . Hence, the ratio pro7B2/(7B2ϩpro7B2) was significantly increased in AD patients (PϽ0.05; Fig. 5d ).
PC2
- Linear regressions analysis showed that the levels of PC1 as well as the various forms of PC2 and 7B2 detected were not correlated with postmortem delay nor age at death. On the other hand, a significant correlation was observed between the amounts of PC2 and the cleaved form of 7B2 (rϭ0.55, Pϭ0.0056; Fig. 6a) . Levels of the 7B2 precursor were also found to statistically correlate with ␤-amyloid contents (rϭ0.63, Pϭ0.0013; Fig. 6b ).
PC2 activity in human frontal cortex
In order to determine whether the detected PC2 mature species were actually enzymatically active, PC2 activity was measured in the different groups of patients. PC2 activity was similar between the four groups (Fig. 7) . Taken together with the Western blot analysis, the data indicated that mature PC2 enzyme was present and active in AD patients, although there was a decrease in the ratio of proPC2 to the total enzymatic pool.
DISCUSSION
The proprotein convertases PC1 and PC2 are known to participate in the generation of bioactive neuropeptides by specific proteolytic processing of inactive precursors at basic amino acids sites (for review, see Seidah and Chretien, 1999) . In the present study, we demonstrated that prosomatostatin is a physiological substrate of PC2 in vivo and that generation of brain SRIF14 from precursor requires this convertase. These results are in keeping with the study of Furuta et al. (1997) which showed that the processing of proSRIF is severely impaired in PC2 Ϫ/Ϫ mice pancreatic islets. Furthermore, PC1 and PC2 immunoreactivities are localized in numerous human cortical neurons and their topographic and cellular distribution broadly coincides with that previously reported in the rat cerebral cortex, i.e. mainly in the cortical layers II, III, as well as V and VI (Winsky-Sommerer et al., 2000) . This includes pyramidal cells as well as interneurons. According to primate studies, specific neuronal classes in which somatostatin would be found are likely to be double-bouquet interneurons (de Lima and Morrison, 1989 ), a subclass of interneurons which is incidentally known to be resistant to the degenerative process of AD until late in the disease (Hof et al., 1993) . SRIF-containing interneurons are primarily found in layer III, V and VI and immunoreactive fibers are distributed in all layers (Braak et al., 1985; Beal and Martin, 1986; Bouras et al., 1986; Hornung et al., 1992) . Thus, localization of PC1 and PC2 is consistent with their putative role in activation of regulatory peptides in vivo, such as proSRIF.
If the loss of SRIF-like immunoreactivity observed in the frontal cortex was due to death of somatostatinergic interneurons, a parallel loss of all somatostatinergic forms would be expected. Pierotti et al. (1986) observed that the proportion of proSRIF was significantly lower in the temporal cortex of AD patients and SRIF28 proportions were significantly elevated. These results suggested that total SRIF deficiency was related to a reduction in the rate of biosynthesis and/or to a change in the proteolytic processing of the precursor form to yield the bioactive peptides SRIF28 and SRIF14. Thus, we investigated whether a modification in the expression of the enzymes responsible for the maturation of proSRIF were involved in changing of proSRIF maturation pattern.
For both convertases, Western blotting revealed similar molecular forms in human cerebral cortex to those previously reported in various mammalian tissues, as well as in cells transfected with the cDNA encoding each enzyme (Paquet et al., 1996; Rovere et al., 1996; Dong et al., 1997; Muller et al., 1998) . The slower migration on SDS-PAGE of rat proPC2 as compared to human is most likely due to the fact that the rat prosegment sequence is more acidic (pI 10.0) than that of human (pI 10.7).
Western blot semi-quantification indicated that among patients displaying cognitive and/or behavioral impairment, modifications in the levels of both convertases were observed only in demented patients, for whom alterations of neuropeptidergic systems have been previously documented. The moderate decrease of PC1 in MD and AD patients was however not significant. It would be interesting to further determine to which extent PC1 activity is actually inhibited in AD; however an assay for PC1 in tissue extracts is not presently available. In parallel, we demonstrated an altered ratio of proPC2 to the total PC2 enzymatic pool in the frontal cortex of AD patients.
In an attempt to understand why AD patients, in spite of a defect in proPC2 content, displayed similar levels of active PC2 compared to C subjects, the levels of the neuroendocrine protein 7B2 (which is involved in proPC2 transport as well as activation) were determined (Zhu and Lindberg, 1995) . 7B2 is a non-glycosylated protein synthesized as a polypeptide of predicted molecular mass of 18 kDa migrating at around 29 kDa upon SDS-PAGE (pro7B2), and proteolytically processed into an aminoterminal form of 21 kDa (referred as the cleaved 7B2 Ayoubi et al., 1990; Paquet et al., 1991) . By Western blot, four immunoreactive bands of 35, 31, 30 and 21 kDa were seven C, six B, four MD and seven AD patients. * Asterisk indicates PϽ0.05 versus controls. (Vieau et al., 1992) . The additional precursor forms of 31 and 30 kDa could potentially result from post-translational modifications such as sulfation events, since 7B2 was shown to be tyrosine-sulfated in the TGN before its processing (Paquet et al., 1994) . Furthermore, SDS-PAGE analysis clearly overestimates the values of the 7B2 molecular masses. The discrepancies between the expected polypeptide mass and the apparent molecular mass detected by Western blot are presumably due to the abundance of acidic amino acid residues, as previously reported for other highly acidic proteins such as chromo- granin A and chromogranin B (Wiedenmann and Huttner, 1989) .
For the neuroendocrine protein 7B2, even though we demonstrated a clear increase of the uncleaved form in AD patients, no change was observed for the cleaved form. Levels of 7B2 have previously been determined in human frontal cortex, caudate putamen and hippocampus and reported not to be altered in AD (Iguchi et al., 1987) . However, these authors did not examine each molecular forms of 7B2.
The decrease in the ratio of proPC2 to the total enzymatic PC2 pool coincided with an increase of pro7B2 in the frontal cortex. Indeed, a significant correlation was observed between cleaved 7B2 and PC2 amounts. This suggests that failure to produce active PC2, due to the low levels of its precursor, could be balanced by the increase of pro7B2. In vitro studies have shown that pro7B2 increased proPC2 transport to the Golgi apparatus and was also required for proPC2 activation (Muller et al., 1997) . Thus, the increased levels of pro7B2 could lead to an increase in the rate of the production of mature PC2. Modifications of 7B2 levels leading to change in proPC2 proteolytic conversion in vivo have already been reported. Indeed, Seidel et al. (1998) demonstrated, in an animal model of insulin-induced hypoglycemic shock, that a reduction of adrenal 7B2 levels correlated with a significant increase in the ratio of proPC2 compared to mature PC2. Furthermore, the protein 7B2 is required for PC2 activity in vivo as shown in 7B2 null mice which lack PC2 activity and present multiple metabolic impairments (Westphal et al., 1999) . This is also in agreement with results obtained for 7B2 (ϩ/Ϫ) heterozygote mice which exhibited the same amount of PC2 activity in tissue extracts as WT mice, while displaying only half of the WT PC2 contents (Dubey and Lindberg, unpublished results). Since the content of mature PC2 is not modified in the AD group, and since the four groups showed similar levels of PC2 activity, we conclude that cortical neuropeptide alterations observed in AD patients do not result from a defect in PC2-mediated processing.
Interestingly, a relationship between increased levels of pro7B2 and ␤-amyloid content was observed. In addition to binding PC2, 7B2 might have an alternative function related to the secretory pathway. Whereas 7B2 and PC2 are clearly colocalized in rat brain neurons, 7B2 is more widely distributed than PC2, with many 7B2-positive neurons lacking PC2 expression (Seidel et al., 1998) . Moreover, the intracellular localization of 7B2 in dense-core vesicles of neurons and endocrine cells (Iguchi et al., 1984; Marcinkiewicz et al., 1986) led to the hypothesis that it is associated with the regulatory secretory pathway of protein trafficking (Marcinkiewicz et al., 1987) .
In conclusion, we here provide in vivo evidence that 1) the proprotein convertase PC2 is involved in the processing of proSRIF to SRIF14 in mouse brain, 2) PC1 and PC2, as well as its helper protein 7B2 are present in the human cortex to fullfill their proprotein convertases role on neuropeptide precursors and 3) alteration in cortical somatostatin associated with AD is unlikely to be due to a defect in the convertase PC2. The issue of a selective neuronal vulnerability of a subclass of somatostatin interneurons remains to be investigated.
